The current invasive methods to determine the total hemoglobin concentration (tHb) and the four hemoglobin components fractions dissipate time and blood. Using a few drops of blood, a compact haemoglobin components analyzer can measure these physiological variables. This paper introduces a fast robust estimation approach, which considered the essential ingredient of the analyzer. It does not depend directly on the optical equations such as Lambert Beer's law. Because using these optical equations includes defining some of unknown parameters that is considered the most difficult task. As a new trend and according to the general concept of the optical equations without defining any of their unknown parameters, the proposed approach is based on a unification of two fuzzy expert systems. One provides high interpretability and the other provides high accuracy. Wang-Mendel method and a new proposed modified one were used to generate a fuzzy rule-base with the aid of more than three hundred real measurements by the compact analyzer as well as a reference laboratory. The experimental results confirmed the effectiveness and the robustness of the developed whole fuzzy expert system for analyzing the total hemoglobin concentration and it`s four components ratios over one hundred and sixty different cases. The accuracy of the proposed approach was tested by means of Root Mean Square error (RMS) and Correlation (R) values. The RMS error of the tHb concentration was 0.82 g/dl and the correlation value was 0.98, which indicates that estimated values were highly correlated to the measurements of the reference laboratory.
Introduction
Hemoglobin is a protein-based component of erythrocytes which is primarily responsible for transferring oxygen throughout the body's circulatory system. Because of its clinical importance, measurement of hemoglobin concentrations is a part of everyday clinical routine both in the operating theater and in intensive care to evaluate outpatients, hospital inpatients, and surgical patients, especially those undergoing surgery associated with extensive blood loss, and transfusion of packed erythrocytes, [1, 2, 3, and 4] .
Special emphasis is put on the optical methods as an aid tool to develop a compact hemoglobin analyzer that works according to the spectrophotometry principles. It can identify the total hemoglobin concentration (tHb) using a few drops of blood. The hemoglobin components that are able to be analyzed include oxyhemoglobin (O 2 Hb%), carboxyhemoglobin (COHb%), reduced hemoglobin (RHb%), and methemoglobin (MetHb%). These parameters are critical for O2 respiratory therapy, measuring the effects of CO from exogenous sources like pollution, fires, or smoking, monitoring endogenous COHb production [5] , and diagnosing methemoglobinemias from chemical poisoning [6] .
Fuzzy logic systems, neural networks, evolutionary computing, and probabilistic are the main constituents of the soft computing discipline that combines these technologies to solve the complex problems in many technical areas.
Fuzzy logic was introduced by Zadeh in the 1960s, as a method in which the objects of computation are words and propositions drawn from the natural language. Nowadays, fuzzy logic plays an important role in medicine, where fuzzy set theory is a suitable formalism to deal with the imprecision intrinsic to many biomedical and bioinformatics complex problems. It is a method to render precise what is imprecise in the world of medicine [7, 8] .
There are two major imperatives for computing with words. First, computing with words is a necessity when the available information is too imprecise to justify the use of numbers; and second, when there is a tolerance for imprecision which can be exploited to achieve tractability, robustness, low solution cost and better rapport with reality [9] .
To measure the pre-mentioned physiological variables using the well known optical equations such as Lambert-Beer law, it needs defining some unknown parameters, as follows: A: Multiplication factor to consider the optical path length elongation of the photons due to scattering. G: a factor considering the geometry of the medium and the loss of photons due to scattering. C: the concentration of the medium substance. ε: molar extinction coefficient of the medium substance.
The parameters of ε, A, G have to be defined accurately to solve for the concentration of the medium substance. That is the most difficult task to calculate for the hemoglobin components concentrations. These parameters will be still imprecise values. Therefore, the research group thought to apply the fuzzy logic to solve the problem of estimating the vital physiological parameters optically regardless solving any complex optical equations, as a new trend. Where, fuzzy logic expert systems can deal with the imprecise information.
The aim of this study was to develop a robust estimation approach that has the ability to calculate total hemoglobin concentration and the ratios of the four hemoglobin components (RHb%, COHb%, O 2 Hb% and Met-Hb%), fast and accurately. Our research group could calculate the tHb concentration by the same method [10] . This paper introduces improvement of the method, the accuracy and also the four Haemoglobin components ratios can be measured. The proposed estimation approach is based on the general concept of the well known optical equations and a combination of two fuzzy expert systems. One provides high accuracy and the other provides high interpretability.
In the next sections, the methodology and the results will be introduced in details.
Methodology
According to the general concept of the optical equations, the measured light intensity is related to Absorption coefficient for the transmitted light and the scattering coefficient of radiation transfer at a certain wavelength [11, 12] . The absorption coefficient depends on the extinction coefficient and the concentration of the medium substance. Where the scattering coefficient describes a medium containing many scattering particles at a concentration described as a volume density and so the scattering coefficient is essentially the cross-sectional area per unit volume of medium.
If the medium substance is a few drops of blood in a very small size cuvette, the geometric of the medium will be fixed. And, if a number of light sources with different wavelengths are used, the extinction coefficients of the blood components and also the scattering coefficient will be changed according to each wavelength. Figure 1 presents the relation between the wavelength of the light source and the related extinction coefficients for the four haemoglobin derivatives. At a certain wavelength, different components of haemoglobin are absorbed to a larger or lesser extent, as illustrated in the figure below. Therefore, the concentration of the blood haemoglobin components mainly depends on a combination of a number of measured light intensities with different wavelengths. Six different wavelengths are chosen between 600nm and 950nm. At these wavelengths, different extinction coefficients combinations of the four Haemoglobin components can be detected to can distinguish their ratios and also to estimate the total Haemoglobin concentration. And so, that system can be modeled where its inputs and outputs are known and the reactions inside the system can be described regardless of solving any complex optical equation. The inputs are a number of light intensity with different wavelengths. And the outputs are the total haemoglobin concentration and the ratios of the four haemoglobin components (RHb%, COHb%, O 2 Hb% and Met-Hb%). Our task now is building a fuzzy expert system, which represents that system with the same inputs and outputs.
Fuzzy Expert System Configuration
The fuzzy expert system is an expert system that incorporated fuzzy logic into its reasoning process and knowledge representation scheme. The basic configuration of a fuzzy system which can be depicted as the following [13] ;  A knowledge base contains definitions of fuzzy sets and the fuzzy operators  An inference engine which performs all the output calculations.  A fuzzifier which represents the crisp inputs as a fuzzy set.  A defuzzifier which transforms the fuzzy output set into a crisp output. In respect of the fuzzy knowledge base and the fuzzy inference engine, a large number of fuzzy sets had to be
defined after normalizing the real data pairs to obtain high resolution for the results. The fuzzy rule base is generated by applying Wang&Mendel method as well as a proposed modified one, which will be explained in details in the next subsection. Mamdani's fuzzy inference scheme was applied to infer the fuzzy output as it was graphically illustrated for a multi inputs single output system by figure 2, as an example. The fuzzy output can be inferred by applying the intersection compositional operator to the input fuzzy sets and the union operator to the output fuzzy sets. That will be illustrated in details in the following. The considered system has six inputs and five output that represent the vital physiological parameters. Based on the compositional operators, the fuzzy output of each vital physiological parameter can be inferred as the result of the following step as demonstrated by Step 2: Based on the compositional operator, we used the intersection operator (∩), which means to get the minimum; the k th fuzzy rule can be inferred as follows:
Step 3: Repeat the second step to infer the other fuzzy rules in the rule base.
Step 4: Using the union operator (U), this means to get the maximum. The fuzzy output will be:
Where, n is the total number of the fuzzy rules. Center of area (COA) criteria was applied for the defuzzification stage to extract the crisp output (Ocrisp) from the fuzzy output (Ofuzzy). COA generates the centre of gravity Ocrisp of the possibility distribution of the expected outputs as demonstrated by the following equation:
(4)
Where, m is the number of quantization levels of the universe O and Wk is the point in the k th quantization level in the universe O at which µ achieves its maximum value µ(wk). The crisp outputs are considered the final results of the fuzzy system after the demoralization stage.
Fuzzy Rule Base Generation
The fuzzy rules have been generated based on WangMendel method, which has been widely used to produce relatively small rule bases with good classification rates and no conflicting or redundant rules [14] , [15] . To apply this method, real input-output data pairs should be measured. There are six inputs which are represented by six values of the light intensity with different wavelengths that were measured by the optical stage of the hemoglobin compact analyzer. The outputs are the values of the total hemoglobin concentration and the ratios of the four hemoglobin components (RHb%, COHb%, O2Hb% and Met-Hb%), which were measured with the aid of a reference laboratory. The method can be conducted easily by five steps, which can be introduced briefly as follows:
Step 1: Divide the input and output spaces of the given numerical data into a number of fuzzy sets.
Step 2: Generate fuzzy rules from the given data. First, determine the degrees of the given data in different fuzzy sets. Second, assign it to the set with a maximum degree. Finally, obtain one rule from one pair of the input-output data pairs.
Step 3: Assign a degree for each generated rule for the purpose of resolving conflicts among the generated rules, if there are conflicting rules.
Step 4: Eliminate conflicting rules. If two or more rules of the remaining set have equal antecedents, discard the rule with the smallest importance degree.
Step 5: Compose the final rule base using the remaining rules.
Therefore, the number of the fuzzy rules can be increased by increasing the number of the input-output data pairs that means, the expert system will take more possible cases into its consideration, and so, a large fuzzy rule base can be built.
Fuzzy expert system implementation
Any fuzzy model faces two challenges to assess its quality [16] :  Interpretability; it refers to the capability of the fuzzy model to express the behavior of the system in an understandable way. This is a subjective property that depends on several factors, mainly the model structure, the number of input variables, the number of linguistic terms, the number of fuzzy rules and the shape of the fuzzy sets.  Accuracy; it refers to the capability of the fuzzy model to faithfully represent the modeled system, as closeness we understand the similarity between the response of the real system and the fuzzy model. To gain the two advantages of the interpretability and the accuracy, two fuzzy models were designed for the whole fuzzy expert system. One provides high interpretability and the other provides high accuracy.
The fuzzy model, which has high accuracy, uses 22 fuzzy sets to fuzzify all the input variables and 11 fuzzy sets to fuzzify all the outputs. It applies Wang & Mendel (W&M) method to generate the fuzzy rule base.
On the other hand, to increase the interpretability, the other fuzzy model uses 11 fuzzy sets only to fuzzify all the inputs and all the outputs. It applies a new proposed modified version of (W&M) method to generate the fuzzy rule base. This modified one is the same as the original one except the second step. The second step can be demonstrated as follows:
Step 2: Generate fuzzy rules from the given data. First, determine the degrees of the given data in the different fuzzy sets. Second, obtain two rules from one pair of the input-output data pairs.
The combination of the two models is conducted as follows: The inputs (six light intensities) are always given firstly to the fuzzy model which has high accuracy,  If the physiological variables are already calculated, the program will be ended and its results will be considered as the final result of the whole fuzzy expert system.  If the physiological variables could not be calculated, the program will forward the inputs (six light intensities) to the other fuzzy model which has high interpretability. Therefore, its results will be considered as the final result of the whole fuzzy expert system.
Results AND DISCUSSION
The concentration of tHb and the ratios of the four hemoglobin components (RHb%, COHb%, O2Hb% and Met-Hb%) were estimated for 160 different cases using the developed estimation approach and also were measured using a reference accurate laboratory device for the same cases in order to examine the developed compact analyzer. Three hundred different real input output data pairs are collected to build the fuzzy rule base that is considered the cornerstone of any fuzzy expert system using Wang & Mendel method and the proposed modified one. The range of the tHb measurements was from 7.2 (g/dl) to 25.4 (g/dl). The experimental results confirmed the effectiveness and the robustness of the developed whole fuzzy expert system for analyzing the total hemoglobin concentration and it`s four components ratios over one hundred and sixty different cases. The accuracy of the expert fuzzy system was tested by means of root mean square error (RMS) and correlation values (R). The values of the correlations and the RMS values are depicted in Table 1 . 
Conclusions
As a new trend, artificial intelligent, especially the fuzzy expert systems are utilized to estimate the vital physiological variables regardless solving any complex optical equation. Two fuzzy expert systems are combined to set up the whole fuzzy expert system. One of them provides high accuracy and the other provides high interpretability. That proposed estimation approach has the ability to calculate the tHb concentration over the range of 7.2 (g/dl) to 25.4 (g/dl) fast and successfully, and also can estimate the ratios of RHb, COHb, O 2 Hb and Me-tHb robustly, where the results look promising when they are compared to the corresponding measurements of the reference laboratory.
In this respect, fuzzy techniques are powerful and general technology for information processing. The accuracy of that expert system can be improved by the following suggestions which will be under researching as a future work:
 Modifications based on the genetic algorithms which can accurately parameterize the fuzzy membership functions.
 Building a large fuzzy rule base according to a large number of input-output data pairs that represent all most of the available different cases, this will give the expert system the power to make the decision in accurate manner.
